We propose a new type of total internal reflection fluorescence microscopy ͑TIRFM͒ called scanning TIRFM ͑STIRFM͒ that uses a focused ring-beam illumination and a high-numerical-aperture objective ͑NA ϭ 1.65͒. The evanescent field produced by the STIRFM is focused laterally, producing a small excitation volume that can induce a nonlinear effect such as two-photon absorption. Experimental images of CdSe quantum dot nanocrystals and Rhodamine 6G-doped microbeads show that good lateral and axial resolutions are achieved with the current setup. The theoretical simulation of the focal spot produced in STIRFM geometry shows that the focused evanescent field is split into two peaks because of the depolarization effect of a high numerical-aperture objective lens. However, the point-spread function analysis of both one-photon and two-photon excitation cases shows that the detection of the focussplitting effect is dependent on the detection pinhole size. The effect of pinhole size on image formation is theoretically investigated and confirmed experimentally with the nanocrystal images.
Introduction
In the field of fluorescence microscopy, total internal reflection fluorescence microscopy ͑TIRFM͒ and spectroscopy have been major techniques in many applications, such as fluorescence kinetic studies of fluorophores at solid-liquid interfaces, 1,2 fluorescence lifetime imaging of living cells, 3, 4 and single molecular detections. [5] [6] [7] [8] [9] [10] [11] [12] The ability to strongly reduce background fluorescence from aqueous solutions has been their major contribution. Such suppression of background fluorescence is achieved by a totally internally reflected laser beam at the interface between the cover glass surface and the aqueous solution, producing a nonpropagating evanescent field just beyond the interface, with a penetration depth of less than 100 nm. In this way only the fluorescent molecules near the interface are excited, creating an extremely thin optical section that leads to images of high contrast.
At present, there are two types of TIRFM, the prism type 1-6,8 -12 and the objective type. [5] [6] [7] In a prism-type TIRFM, an evanescent field is generated at the interface between the prism and a sample by direction of a laser beam at an angle larger than the critical angle, and the fluorescence is collected by an objective. In an objective-type TIRFM, a highnumerical-aperture ͑NA͒ objective of ϳ1.3-1.4 is used to both excite an evanescent field and to collect the fluorescence, thereby eliminating the placement of a prism. The inherent disadvantage of the objective-type TIRFM is that only a small portion of the objective is utilized in generating an evanescent field; consequently, positioning and focusing the laser beam onto the objective is difficult and tedious.
In this paper we propose a new type of TIRFM called scanning TIRFM ͑henceforth abbreviated STIRFM͒, using a high-NA objective of 1.65 illuminated by a ring beam. In STIRFM the generation of an evanescent field is achieved by focusing the ringbeam illumination at the interface. The ring-beam illumination is produced by blocking a central portion of a circular beam with an obstruction disk, whose maximum convergence angle is equal to or larger than the critical angle ͑see Fig. 1͒ . Subsequently, all of the ring-beam illumination is totally internally reflected to produce an evanescent field at the interface. Although ring-beam illumination with a high-NA objective lens has been previously used in studying the orientation of single molecules, [13] [14] [15] the obstruction disk used in these studies opens the propagating components, and therefore the geometry is not that of a TIRFM in a strict sense.
The geometry of STIRFM has several advantages over other types of TIRFM. First, with a high-NA objective, the portion of the objective that can be utilized to produce an evanescent field is significantly increased. Second, penetration depth control of the evanescent field is made possible by adjustment of the obstruction disk diameter. Third, because the ring beam is focused at the interface, the resulting evanescent field is localized in a very small volume. This small volume can induce fluorescence in a small area without exciting the neighboring molecules, which consequently enhances the signal-tobackground ratio and increases the resolution. Furthermore, with a highly focused beam, it would also be possible to induce a nonlinear effect such as twophoton absorption at the focus.
The aim of this paper is to characterize the singleand two-photon imaging performance of STIRFM and to compare it with the point-spread function ͑PSF͒ analysis. In Section 2 we present the theoretical simulation of the evanescent focal shape produced by the geometry of STIRFM, and in Section 3 we discuss the single-and two-photon image formation in STIRFM. In Section 4 the experimental setup and the experimental results of STIRFM are presented to verify the imaging capabilities of the current setup.
In particular, we present the images of CdSe quantum dots and Rhodamine 6G-doped microbeads to characterize the imaging resolution, the focal shape, and the evanescent field depth of STIRFM. Finally, we present our conclusions in Section 5.
Theoretical Simulation of Focus Produced by STIRFM
In STIRFM, shown in Fig. 1 , focusing with a high-NA objective induces the depolarization of the input beam. To account for the depolarization effect in simulations of the focus produced by STIRFM, the vectorial Debye theory is employed. 16, 17 When a linearly polarized coherent monochromatic plane light wave is focused through an index-mismatched interface by a high-NA objective, the electric field in the focal region of the objective 16, 17 can be expressed as
where i, j, and k are the unit vectors in the x, y, and z directions, respectively. The incident polarization is assumed in the x direction. 
rection function ⌽͑ 1 ͒ is given by
where d is the distance between the interface and the focal point of the objective. The intensity is proportional to the modulus squared of Eq. ͑1͒. Figure 2 gives the contour plots ͑ x ϭ kx sin ␣ and y ϭ ky sin ␣͒ of the normalized intensity ͉E͉ 2 and its components ͉E x ͉ 2 , ͉E y ͉ 2 , and ͉E z ͉ 2 in the x, y, and z directions near the focal region at the coverslip glass ͑n ϭ 1.78͒ and air interface ͑d ϭ 0͒, when an objective of NA ϭ 1.65 is illuminated by a ring beam ͓ε, obstruction radius normalized by the radius of the objective aperture; ε c , obstruction radius corresponding to the critical angle; ε outer ϭ 1 ͑i.e., ␣ ϭ 68°͒ and ε inner ϭ ε c ͑i.e., ␤ ϭ 35°͔͒. Because the inner radius of the ring beam is calculated to be equal to the critical radius ͑ε c ͒, the produced focus is evanescent in nature. As expected, because of the factors cos͑2͒, sin͑2͒, and cos͑͒ in Eq. ͑1͒ and because of the relative strength of the Bessel functions, J 0 ͑x͒, J 1 ͑x͒, and J 2 ͑x͒, the patterns of ͉E x ͉ 2 , ͉E y ͉ 2 , and ͉E z ͉ 2 exhibit one, four, and two lobes, respectively. The splitting of the focus in the direction of polarization ͑x direction͒ is visibly clear in the ͉E͉ 2 distribution ͓see Fig.  2͑d͔͒ , and it is induced by the contribution from ͉E z ͉ 2 . Similar to the free-space splitting, the relative strength or the weighting of the ͉E z ͉ 2 to the ͉E x ͉ 2 component governs the overall shape of the focus. 18 To quantify the relative strength of the ͉E z ͉ 2 and ͉E x ͉ 2 components with respect to the inner radius ε of a ring beam, the peak intensity ratio of
2 as a function of the obstruction radius ε is presented in Fig. 3͑a͒ , where the NA ϭ 1.65. Three cases of the index-mismatch geometry are assumed: immersion oil ͑n ϭ 1.78͒ to glass ͑n ϭ 1.52͒, oil to water ͑n ϭ 1.33͒, and oil to air. It is seen that ͉E z ͉ 2 ͉͞E x ͉ 2 ratios increase as the obstruction radius becomes large, peak at the critical radius ε c , and then start to decrease. This indicates that the depolarization in the 
. Peak intensities of ͉E͉ 2 have been normalized to 100, and the incident polarization is parallel to the x axis. The NA is assumed to be 1.65. Fig. 3 . Plots of ͑a͒ the peak intensity ratio of ͉E z ͉ 2 ͉͞E x ͉ 2 , ͑b͒ the peak separation ⌬ x , and ͑c͒ the normalized dip depth with respect to the normalized obstruction radius ε. The NA of the objective is 1.65. Plots ͑a͒, ͑b͒, and ͑c͒ correspond to the interfaces between immersion oil ͑n ϭ 1.78͒ and air, between immersion oil and water, and between immersion oil and glass ͑n ϭ 1.52͒, respectively.
z direction is greatest when the convergence angle is near the critical angle. The decrease in the ͉E z ͉ 2 ͞ ͉E x ͉ 2 ratio after the critical angle is due to the fact that, for p-polarization case, the ͉E z ͉ 2 component of an evanescent field decreases faster than the ͉E x ͉ 2 component as the incident angle further increases from the critical angle. 6 For an s-polarized evanescent field, the ͉E z ͉ 2 component is obviously absent. Therefore, in our geometry the integration over the azimuthal angle includes both cases of p-and s-polarization, resulting in a stronger ͉E x ͉ 2 component.
The characteristic shape of the two-peak focus can be described by the peak-to-peak separation distance expressed by the optical coordinate ⌬ and the normalized dip depth ͑defined as the ratio of the dip depth between the two peaks to the peak intensity͒. The separation ⌬ and the normalized dip depth versus the normalized obstruction radius ε are presented in Figs. 3͑b͒ and 3͑c͒ , respectively. Similarly, the peak-to-peak separation and dip depth are increased until the obstruction radius reaches the critical radius, and then they are decreased.
In the two-peak separation plot ͓Fig. 3͑b͔͒ we note that focus splitting starts at a certain threshold value of the obstruction radius and that this threshold obstruction radius is different for each interface. Interestingly, for the interface between the special coverslip glass and the water, there is a focussplitting effect present even when there is no obstruction ͓dashed line in Fig. 3͑b͔͒ . However, the corresponding dip depth is less than 0.1%, indicating that the focus-splitting effect is barely detectable in this case. The threshold value of the obstruction radius for the focus-splitting effect is determined by the complicated coupling between the ͉E z ͉ 2 and the ͉E x ͉ 2 focal shapes; however, their corresponding dip-depth ratios generally are negligibly small.
Comparing the three different cases of the indexmismatched interface, one can observe that focus splitting is most pronounced in the case of the special coverslip glass ͑n ϭ 1.78͒-glass ͑n ϭ 1.52͒ interface, where the dip-depth ratio reaches 0.4. In contrast, the interface between the special coverslip glass and the air shows the weakest focus-splitting effect. From these observations, it can be concluded that the focus-splitting effect is stronger for the interface between the two materials with a smaller index difference, provided the obstruction radius is chosen correctly. To see how the change in the NA of an objective affects focus splitting, similar calculations ͑the peak intensity ratio of ͉E z ͉ 2 ͉͞E x ͉ 2 , the two-peak separation ⌬, and the dip-depth ratio versus the normalized obstruction radius ε͒ were conducted for two other NA values that are available commercially ͑NA ϭ 1.2 for a water-immersion objective and NA ϭ 1.4 for an oil-immersion objective͒ and are presented in Fig. 4 . Air is assumed to be the second material throughout the calculations. The corresponding refractive indices of the immersion media are n ϭ 1.33 ͑water͒ and n ϭ 1.52 ͑oil͒ for objectives of NA ϭ 1.2 and NA ϭ 1.4. For the case of NA ϭ 1.2, we did not consider the effect of the interface between water and a coverslip because water-immersion objectives are corrected for coverslip aberration. The detailed calculation on focal shape after a beam passes through multiple interfaces can be found elsewhere. 17 It is clear from the Fig. 4 that the strongest focus-splitting Fig. 4 . Plots of ͑a͒ the peak intensity ratio of ͉E z ͉ 2 ͉͞E x ͉ 2 , ͑b͒ the peak separation ⌬ x , and ͑c͒ the normalized dip depth with respect to the normalized obstruction radius ε. The normalized transmitted beam intensity through the index-mismatched interface is shown with respect to the obstruction radius.
effect
Effect of a Detection Pinhole on Image Formation of STIRFM
In Section 2 the detailed theoretical studies predict that the evanescent focus of STIRFM is split into two peaks. However, whether such focus splitting can be directly observed in fluorescence images depends on the detection system and the placement of the pinhole. For one-photon excitation, it is necessary to put a finite-sized pinhole in front of the detection system to reduce the background scattered signal. Consequently, the detection path is confocal in nature, and the effective PSF ͑denoted by H 1p ͒ 19 in this case is given by
where h ill is the PSF for illumination and h det is the PSF for detection. The expression for h ill takes the same form as the expression for ͉E͉
2
, which is given by
for linearly polarized illumination light ͑ ϭ 532 nm͒.
The expression for h det is given by
for randomly polarized fluorescence light ͑ ϭ 600 nm͒. D͑͒ is the detector ͑pinhole͒ function
and R is the two-dimensional convolution operation in a vertical plane. Here d is the normalized radius of the detector ͑pinhole͒ and is given by
where sin ␣ d is the NA of the collector lens in the detection space, f is the fluorescence emission wavelength, and r d is the radius of the detector. 19 Generally, if the value of d is close to zero ͑a point detector͒, the detector function D͑͒ can be taken as the Dirac delta function, and therefore the effective PSF H 1p is
Similarly, if the detector function is infinitely large, the PSF takes the form
owing to the convolution relation. 19 The contour plot of the PSF H 1p for STIRFM with an infinitely large detector ͑no pinhole͒ takes the same form as that shown in Fig. 2͑d͒ , whereas the STIRFM with a point detector ͑pinhole͒ is shown in Fig. 5 . One notices that the focus-splitting effect that was previously present in the contour plot of h ill ͓see Fig. 2͑d͔͒ has disappeared. This PSF analysis of STIRFM shows us that the detection of the split focus in a one-photon fluorescence image depends on the size of the pinhole in front of the detector.
To see the effect of a finite-sized pinhole on the shape of the PSF H 1p of STIRFM and to identify the threshold value of d for disappearance of the split focus, we calculated the convolution relation in Eq. ͑6͒ explicitly. The result is shown in Fig. 6 , where the dip-depth ratio of the split focus is plotted against d size. One can see that for d Ͻ 4, the dip-depth ratio of the split focus is less than 0.008, making the split focus barely detectable. For d Ͼ 14, the dip-depth ratio reaches ϳ0.1, which is close to the value for the infinitely large detector case ͓Fig. 2͑d͔͒. Thus d Ͻ 4 can be approximated to be a point detector, whereas d Ͼ 14 can be approximated to be an infinitely large detector. This prediction is validated in Section 4.
For the two-photon excitation case, the pinhole is removed because optical sectioning is intrinsic to twophoton excitation. As a result, the two-photon PSF is
For linearly polarized illumination light ͑ ϭ 800 nm͒, the contour plot of the two-photon PSF H 2p is shown in Fig. 7 . One observes that the focussplitting effect is more discernible because the intensity is squared. In general, image formation in STIRFM is given by the convolution of the fluorescence intensity of a sample with the PSF of the system. As we shall see in Section 4, CdSe quantum dot nanocrystals can be treated as point emitters because their diameter ͑ϳ6 nm͒ is much smaller than the Airy function of the focus ͑0.5 m in full width at half-maximum͒. Therefore the image of quantum dots can be used as the approximate effective PSF for STIRFM and be used to characterize the focal spot.
Experimental Characterization of STIRFM
The experimental configuration of STIRFM is shown in Fig. 8 . We used a 532-nm diode-pumped cw laser ͑Spectra-Physics Millenia II͒ as a one-photon excitation light source, and a Ti:sapphire ultrashort-pulsed laser ͑Spectra-Physics Tsunami͒, operating at a wavelength of 800 nm, as a two-photon light source. The laser beam was expanded and focused at the glass-air interface by an objective ͑NA ϭ 1.65; Olympus͒. A central obstruction disk ͑diameter ϭ 4.3 mm, ε c ϭ 0.62͒ was inserted just before the reflection at the dichroic beamsplitter, producing a ring-beam illumination. An evanescent field was produced at the focus by obstruction of all the beams with a convergence angle smaller than the critical angle of incidence. Fluorescence produced from the focus was then collected by the same objective and refocused at a photomultiplier tube ͑Oriel PMT Model 70680͒ to detect its intensity. For one-photon imaging, a 20 m diameter ͑ d ϭ 3͒ and a 200 m diameter ͑ d ϭ 30͒ pinholes were placed in front of the PMT to test the image formation predictions from section III. For two-photon imaging, a 200 m diameter pinhole ͑ d ϭ 30͒ was used mainly to reduce the background scattered light. For collecting the fluorescence intensity, the sample was scanned in the x and y directions by a scanning stage ͑Physik Instrumente Model P-517.3CL͒ to build up a two-dimensional fluorescence image. A special coverslip glass and immersion oil for the NA-1.65 objective had a refractive index of 1.78. The high refractive index of the immersion oil and the coverslip glass increases the portion of the objective exit pupil in producing an evanescent field. For comparison, Table 1 shows the total internal reflection angles and the maximum convergence angles of three different high-NA objectives, as well as the ratio of the critical obstruction radius to the exit pupil radius ͑ε c ͒ for the total internal reflection. It is clear from the table that the critical angle for the total internal reflection for NA ϭ 1.65 is significantly lower than that of the other objectives, increasing the portion of the objective exit pupil for producing an evanescent field. This large portion provides more freedom in manipulating the evanescent field properties such as field depth and strength. It should be noted that a similar geometry was proposed for scattering surface plasmon polaritons for a thin metal film coated at the interface to excite the surface plasmons. 20 However, the heating of the metal film associated with this geometry poses a significant problem for biological applications.
To characterize the focal spot shape and evanescent field depth control of the STIRFM, two different fluorescent samples were utilized. For the focal spot characterization, CdSe quantum dot nanocrystals capped with trioctylphosphine oxide and trioctylphosphine were used. The quantum dots are ideal for characterizing the focal spot because of their small size and their negligible excitation polarization selection, which makes them the isotropic absorber of the field. The method of the nanocrystal preparation has been published elsewhere. 21 The mean diameter of the nanocrystals was ϳ6 nm, and the peak fluorescence wavelength was at 600 nm. The nanocrystals were diluted in chloroform, and a small droplet of the solution was dried onto a cleaned special coverslip glass. The average density of the quantum dots on the coverslip was calculated from the solution concentration, the droplet volume, and the dried area on the coverslip and was found to be 1 quantum dot͞ m 2 . For the measurements of the evanescent field depth with respect to the obstruction disk radius, Rhodamine 6G-doped microbeads of 6-m diameter were used. Because the evanescent field only propagates ϳ200 nm into the second medium, the microbeads could not be imaged at their equatorial plane, and only the caps of the beads that were immersed in an evanescent field were imaged. As we increased the obstruction disk diameter, the diameter of the bead caps in the image was decreased, indicating a decrease in the evanescent field depth. A schematic depiction of beads being excited only at their caps is shown in Fig. 9 . Using simple geometry, the following approximate relation between the Fig. 9 . Cross-section view of the microbeads excited with an evanescent field. ε is the obstruction radius. diameter a of the cap image and the evanescent field depth d may be derived
where r is the radius of the bead. Here the diameter a of the cap image is defined by the full width at half-maximum of the bead image. With Eq. ͑14͒ the relative evanescent field depths were measured with respect to the obstruction disk size. Figure 10 shows the one-photon fluorescence images of Rhodamine 6G microbeads in confocal microscopy and STIRFM. Figs. 10͑a͒ and 10͑b͒ are confocal images of the microbeads around the equatorial plane and at the interface, respectively. The image at the interface ͓see Fig. 10͑b͔͒ shows that many of the beads are still clearly visible because of the propagating light ͑ Ͼ c ͒. In comparison, the STIRFM images with two values of obstruction ͓Figs. 10͑c͒ and 10͑d͔͒ clearly show that only the bead caps are visible, demonstrating the capability of the background fluorescence suppression of STIRFM. From the images we can calculate the evanescent field depths according to Eq. ͑14͒ and as a function of the obstruction radius ͑Fig. 11͒. As predicted, the evanescent field depth decreases with increasing obstruction radius. The theoretical simulation results of the evanescent field depth with Eq. ͑1͒ are also plotted in the same figure. A comparison between the theoretical predictions and the experimental results show good agreement, indicating that the evanescent field depth can be controlled with STIRFM.
The images of CdSe quantum dots in one-photon and two-photon STIRFM modes are shown in Fig. 12 . Because of the small size of the evanescent focus, there may be more than one quantum dot present and, for that reason, the emission dark axis of a single quantum dot 22 was not considered in the image formation. For one-photon excitation, images are taken with two pinhole sizes ͑20 and 200 m͒. One notices that the focus-splitting effect is absent for the image with a small pinhole detector ͓see Fig. 12͑a͔͒ , whereas it is clearly present for a large-pinhole detector ͓see Fig. 12͑b͔͒ . The theoretical PSFs for each case are also shown. The small-pinhole image was approximated with the point detector function, whereas the large-pinhole image was approximated with the infinitely large detector function. Each case shows good agreement with the experimental focal shapes. Optical resolution of the system was taken from the full width at half-maximum of the focal profile in the direction perpendicular to the polarization direction. The measured value in the small-pinhole case is ϳ150 nm, whereas the theoretical value is 140 nm. This demonstrates a good transverse resolution of the system. The twophoton image of CdSe quantum dots is also shown in Fig. 12 . It is clear that the focus splitting is larger and more distinctive here than in the one-photon case, and it shows good agreement with the theoretical simulation. This demonstrates that the highly focused evanescent field of STIRFM and its image formation under one-photon and two-photon excitation can be accurately predicted.
Conclusions
In this paper a new type of total internal reflection fluorescence microscopy called STIRFM, which utilizes ring-beam illumination and a high-NA objective, has been proposed. The focused evanescent field in STIRFM can confine the excitation in a small volume, thus effectively shunning the background noise from both lateral and axial directions. The experimental images of CdSe quantum dot nanocrystals and dyedoped microbeads have been presented and show that the lateral resolution and the depth of the fo- cused evanescent field of STIRFM can be well characterized and controlled. A rigorous theoretical investigation of the electric field structure near the focus in STIRFM has shown focus splitting due to depolarization. An appropriate PSF analysis of the system has been provided for the interpretation of the quantum dot images and the focus-splitting effect. To increase the transverse resolution and to remove the elongation of the focal spot in STIRFM, one can use the apodization method for a lens of the future. 23 It is expected that STIRFM will play an important role in the area of single molecular detection; nearinterface fluorescence kinetic studies; fluorescence lifetime imaging; and near-field applications, such as near-field trapping, near-field fabrication, and twophoton near-field microscopy.
